
«» UK Patent Application „9,GB ,,,,2 305 249 „ 3 ,A 



(43) Date of A Publication 02.04.1997 



(21) 


Aanljcation No 9618798 4 


19 If 


G01V 3/24 


(22) 


Date .of Filino 09 09 1996 

l/ulw ' \J 1 l fill 1^ U 


(52) 


UK CL (Edition 0 ) 


(30) 


Priorrtv Data 




U IIH WlflA* IX I9DZU 






(56) 


Documents Ched 

WO 88/03637 A1 US 4882542 A 


(71) 


Applicant is) 










(58) 


Field of Search 




(Incorporated in USA - Delaware) 




UK CL (Edition 0 ) GIN NCLC 






INT CL 6 G01V 




10205 Westheimer Road, Houston, Texas 77042-3115, 




Online: WPI 








United States of America 


(74) 


Agent and/or Address for Service 


(72) 


Inventor(s) 

Bension Singer 




Hasettine Lake & Co 

Imperial House, 15-19 Kingsway, LONDON, 




Kurt M Strack 




WC2B 6UD, United Kingdom 




Harts M Maurer 






Otto N Fanini 







(54) Electrical logging of wellbores 



(57) A method of determining resistivity of an earth 
formation 6 penetrated by a we I lb ore 2 having a 
conductive casing 4 includes inserting a sonde 14A into 
the wellbore, the sonde having a plurality of electrodes 
16A-24A at axially spaced apart locations adapted to 
electrically contact the casing, applying electrical current 
between a first and a second one of the electrodes 16A, 
24A and measuring the current, measuring a first voltage 
between a first pair of electrodes 18A, 20A axially 
disposed between the first and second electrodes and 
measuring a second voltage between a second pair of 
electrodes 20A, 22A also axially disposed between the 
first and second electrodes and disposed externally to the 
first pair to determine casing resistance in between the 
pairs of electrodes. A second difference between the first 
and second voltages is also measured. Current is applied 
between other electrodes 21 A, 24A axially disposed to 
exclude a third pair of electrodes therebetween, and a 
third voltage is measured between the third pair to 
determine characteristic impedance. Current is applied 
between the first electrode and a surface return electrode 
34, a fourth voltage is measured between the first pair of 
electrodes, a fifth voltage is measured between the 
second pair of electrodes, an additional second difference 
of voltages between the fourth voltage and the fifth 
voltage is measured, and formation resistivity is 
determined by combining the first voltage, the second 
voltage, the third voltage, the fourth voltage, the fifth 
voltage, the current measurements, the second difference 
and the additional second difference of the voltages. 
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ELECTRICAL LOGGING OF WELLBORES 

The present invention relates to electrical resistivity logging of wellbores, and 
in particular to apparatus and methods of measuring electrical resistivity of earth 
formations from within a wellbore having a steel casing inserted therein. 

Electrical resistivity measurements of earth formations, made from within a 
wellbore penetrating the earth formations, can be used to determine the presence of oil 
and gas in the earth formations. Numerous devices are known in the art for measuring 
earth formation resistivity. The devices for measuring resistivity known in the art are 
typically lowered into the wellbore at one end of an armored electrical cable. The 
devices send signals to equipment at the earth's surface which is electrically connected 
to the other end of the cable. The signals from the devices correspond to the formation 
resistivity. 

The devices known in the art for measuring resistivity require that the wellbore 
remain as an "open hole", that is, not have a steel pipe or casing inserted into the 
wellbore. The devices known in the art for measuring formation resistivity are 
adversely affected by the presence of the casing in the wellbore since the resistivity of 
the casing can be smaller than 1Q" 7 to 10" 10 times the resistivity of the earth formations. 
The large resistivity contrast between casing and formation disrupts the measurements 
made by the typical resistivity measuring devices known in the art 

As is understood by those skilled in the art, casings are typically inserted into 
wellbores in order to maintain the mechanical and hydraulic integrity of the wellbore. 
It can be desirable from a standpoint of safety and ease of operation to measure 
resistivity from within a wellbore having casing inserted therein. It is also desirable, 
for reasons known to those skilled in the art, to be able to re-measure resistivity 
periodically in wellbores which have been completed and have been producing oil and 
gas. An apparatus for measuring resistivity in a wellbore having a casing therein is 
described, for example, in U. S. patent no. 5,075,626 issued to Vail. 

A particular drawback to the apparatus described in the Vail *626 patent is that 
this apparatus requires using an electrical logging cable having more than one insulated 
electrical conductor. The reason that a cable having more than one insulated electrical 
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conductor must be used with the apparatus in the Vail '626 patent is related to the way 
in which this apparatus measures a property of the formation and casing referred to as 
the characteristic impedance. A source of electric current is applied between a first 
electrode in electrical contact with the casing and a return electrode at the earth's 
5 surface. Voltage is then measured between an electrode disposed at the earth's surface 
and a second electrode in electrical contact with the casing and axially spaced apart 
from the first electrode. The first electrode and second (voltage measurement) electrode 
must be electrically connected to separate, insulated electrical conductors in order to 
measure electrical potential difference between the second electrode and the surface 

10 electrode while simultaneously energizing the casing and the earth. Although some 
types of well logging tools use the steel armor on the cable as another electrical 
conductor to carry electrical power to the tool in the wellbore, in the apparatus of the 
Vail '626 patent using the steel armor to carry the current from the source instead of 
using a second insulated conductor would distort the distribution of electrical current 

1 5 which is applied to the casing. The distortion would result from the fact that some of 
the electrical current would necessarily leak out through the steel armor wires into the 

wellbore and the casing. 

Wellbores which have casings typically are "completed", or placed in a condition 
where oil and gas can flow to the earth's surface through the casing. Completed 
20 wellbores can have substantial fluid pressures within the casing, as is understood by 
those skilled in the art In order to insert well logging apparatus into wellbores having 
substantial fluid pressures within the casing, it is desirable to use electrical well logging 
cables having small external diameters. Small diameter electrical cables typically 
include only one insulated electrical conductor. Accordingly, there is a need for an 

2 5 apparatus to measure formation resistivity in a wellbore having casing inserted therein 

which can operate using an electrical cable having only one insulated electrical 
conductor. 

Various aspects of the present invention are exemplified by the attached claims. 
Another aspect of the present invention provides a method and apparatus for 

3 0 detenriining the resistivity of an earth formation penetrated by a wellbore having a 

conductive casing inserted therein. One method embodying the invention includes the 



step of inserting a sonde into the wellbore. The sonde includes a plurality of electrodes 
at axially spaced apart locations adapted to electrically contact the casing. Electrical 
current is applied between a first and a second one of the electrodes and the current is 
measured. A first voltage is measured between a first pair of electrodes axially disposed 
between the first and second electrodes, and a second voltage is measured between a 
second pair of electrodes, also axially disposed between the first and second electrodes 
and disposed externally to the first pair, to determine the casing resistance between the 
first and second pairs of electrodes. A second difference between the first and second 
voltages is also measured. Current is then applied to other ones of the electrodes axially 
positioned to exclude between them a third pair of electrodes, and a third voltage is 
measured between the third pair of electrodes to determine the characteristic impedance 
of the casing and the earth formation. Electrical current is then applied between the 
first electrode and a surface return electrode disposed at the earth's surface. A fourth 
voltage is measured between the first pair of electrodes, a fifth voltage is measured 
between the second pair of electrodes, and an additional second difference of voltages 
is measured between the fourth voltage and the fifth voltage. Formation resistivity is 
determined by combining measurements of the first voltage, the second voltage, the 
third voltage, the fourth voltage, the fifth voltage, the measurement of the current, the 
second difference and the additional second difference of the voltages. 

Apparatus embodying the present invention may include an elongated sonde 
adapted to traverse the interior of the casing, a plurality of electrodes disposed on the 
sonde at axially spaced apart locations and adapted to be placed in electrical contact 
with the casing, voltage measuring circuits connected between pairs of the electrodes, 
at least two pairs of electrodes contiguous to one another, a voltage difference 
measuring circuit interconnected between two of the voltage measuring circuits and 
adapted to measure a second difference in voltage measured between the two voltage 
measuring circuits. The apparatus includes a source of electrical current which is 
selectively connectible between a first and a second one of the electrodes which are 
axially positioned to include the pairs of electrodes therebetween so that the casing 
resistance between the pairs of electrodes can be measured. The current source is also 
selectively connectible between other ones of the electrodes axially spaced apart to 
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exclude a third pair of electrodes therebetween to enable measurement of characteristic 
impedance of the formation and casing. The source is also selectively connectible 
between one of the electrodes and a surface return electrode disposed at the earth's 
surface to enable measurement of current leakage along the casing. The apparatus 
includes means for recording the measurements made by the voltage measuring circuits, 
the voltage difference measuring circuit and the current measuring circuit 

Another method embodying of the present invention includes the step of 
inserting a sonde having a plurality of electrodes into the wellbore. The electrodes are 
adapted to electrically contact the casing and are disposed at axially spaced apart 
locations along the sonde. Electrical current is injected and measured between a first 
one and a second one of the electrodes, the first one and the second one are axially 
spaced to include between the a pair of the electrodes connected to a voltage measuring 
circuit A first voltage is measured between the first pair of electrodes. Electrical 
current is then injected and measured between the first electrode and a third electrode, 
the first and third electrodes axially spaced to exclude between them the pair of 
electrodes. A second voltage is measured between the pair of electrodes, and the 
resistivity of the earth formation is determined by combining the first voltage, the 
second voltage and the measurements of electrical current 

For a better understanding of the invention, and to show how the same may be 
carried into effect, reference will now be made, by way of example, to the 
accompanying drawings, in which:- 

Figure 1 shows an electrode emitting electrical current into a conductive metal 
casing inserted into a wellbore penetrating earth formations. 

Figure 2 shows a tool having a series of electrodes placed in contact with the 

2 5 casing, the tool being configured to measure the characteristic impedance of the casing 

and the earth. 

Figure 3 shows the tool as in Figure 2 configured to determine the resistance of 
the casing over a short interval spaced between several of the electrodes on the tool. 
Figure 4 shows the tool as in Figure 2 configured to determine the amount of 

3 o current "leakage" out of the casing over the short interval as in Figure 3. 

Figure 5 shows a tool having current source and current return electrodes both 
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located on the tool, and being configured to determine the casing resistance over a short 
interval corresponding to the short interval of the tool as in Figure 3. 

Figure 6 shows the tool as in Figure 5 configured to measure the current leakage 
over the short interval. 

Figure 7 shows the tool as in Figure 5 configured to measure the characteristic 
impedance of the casing and the earth. 

Figure 8A shows the tool as in Figure 5 having the source of electric current 
disposed within the tool. 

Figure 8B shows an operating table for selective switches to electrically confiture 
electrodes on the tool to perform different types of measurements. 

Figure 9 shows a telemetry system for the tool of the present invention. 

Figure 10A shows an alternative embodiment of the invention electrically 
configured in the mode to determine casing resistance. 

Figure 10B shows an alternative embodiment of the invention electrically 
configured to determine formation resistivity. 

In a wellbore penetrating earth formations into which a conductive metal pipe 
or casing has been inserted, measurement of earth formation resistivity using instruments 
well known in the art is typically precluded because the casing can have electrical 
resistivity many orders of magnitude smaller than the resistivity of the earth formation, 
as is understood by those skilled in the art 

It has been determined, however, that it is possible to measure resistivity of earth 
formations from within a conductive casing. The principle of measurement of formation 
resistivity from within a conductive casing can be better understood by referring to 
Figure 1. Figure 1 shows a wellbore 2 drilled through earth formations, shown 
generally at 6. The wellbore 2 includes a conductive pipe or casing 4 inserted therein. 
An electrode 8 is placed in electrical contact with the casing 4. One terminal of a 
source of electric current (not shown in Figure 1) located at the earth's surface is 
connected to the electrode 8. As is understood by those skilled in the art, the electrode 
8 can form part of a logging sonde (not shown in Figure 1 for clarity of the illustration) 
which is lowered in to the wellbore 2 at one end of an armored electrical cable 1 0. The 
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cable 10 includes at least one insulated electrical conductor. The other terminal of the 
source of electric current (not shown) is typically connected to a current return electrode 
(not shown) disposed at the earth's surface. 

The electrical current from the source (not shown) passes through the electrode 
5 8 into the casing 4, where the electrical current travels both upwardly and downwardly 
through the casing 4. Some of the current "leaks" outwardly into the earth formations 
6. Because of the current leakage, the amount of current flowing along the casing 4 at 
any point decreases as the distance (along the casing 4) from the electrode 8 increases. 
By measuring an amount of current leaking (AT) from within a particular interval, 

1 o shown generally at 12, it is possible to determine the resistivity of the earth formation 

6 in contact with the casing 4 and generally disposed within the interval 12. If V 0 
represents the voltage on the casing 4 with respect to infinity, then the resistivity of the 
formation 6 near the wellbore 2 and generally within the axial boundaries of the interval 
12 is calculable by the expression: V 0 /AI. Apparent resistivity within the interval 12 
15 can be defined by the expression: 

V 

Ha A/ 

wherein * is a dimensionless constant providing equality of apparent resistivity to the 
formation 6 resistivity under the conditions that the casing 4 and the formation 6 are 
homogeneous. Az represents the length, along the casing 4, of the interval 12. 

2 0 A system for determining the amount of current leaking from within the interval 

12 is shown generally in Figure 2. The system shown in Figure 2 can be similar to a 
system described, for example, in U. S. patent no. 5,075,626 issued to Vail. The system 
shown in Figure 2 is included in the description of the present invention only to explain 
the principle of operation of devices which measure resistivity inside conductive casing, 
25 and is not to be construed as limiting the present invention. The system in Figure 2 
includes a sonde 14 which can be lowered into the wellbore 2 at one end of an armored 
electrical cable 3. The cable 3 in Figure 3 includes at least two insulated electrical 
conductors, as will be further explained. The sonde 14 has electrodes disposed thereon, 



shown generally at 16, 18, 20, 22, 21 and 24. The electrodes can be selectively placed 
into electrical contact with the casing 4. The sonde 14 further includes first 26, second 
28, third 30 and fourth 32 voltage measuring circuits. As is understood by those skilled 
in the art, the voltage measuring circuits must be capable of measuring very small 
voltages. In the case of the third measuring circuit 30, for example, the voltages needed 
to be measured can be as small as 10* 9 volts. 

A source of electrical current 38 is typically located at the earth's surface. As 
is understood by those skilled in the art, the source 38 preferably is a low-frequency 
alternating current source, usually having a frequency less than 10 Hz, to facilitate 
measurement of the extremely small voltages which are present between the electrodes 
as a result of energizing the casing 4. The sonde 14 can include a telemetry unit (not 
shown in Figure 2 for clarity of the illustration) connected to each of the voltage 
measuring circuits for transmitting the measurements made by the voltage measuring 
circuits 26, 28, 30 and 32 to the earth's surface for observation, recording and 
interpretation by the system operator, as is understood by those skilled in the art. 

A particular measurement needed to enable determination of the resistivity of the 
formation 6 through the casing 4 is referred to as the characteristic impedance, (Q), of 
the portion of the casing 4 and formation 6 which is energized by the source of electric 
current 38. In the system shown in Figure 2, one terminal of the current source 38 is 
connected to one of the electrodes, referred to as an "emitter electrode" and shown at 
16. The other terminal of the source 38 is connected to a surface electrode 34. A 
voltage drop is measured by the fourth voltage measuring circuit 32 between a surface 
potential electrode 36 also disposed at the earth's surface, and another one of the 
electrodes, called a voltage sensing electrode 21, disposed on the sonde 14. The 
characteristic impedance is calculated from the voltage V 0 measured by the fourth 
measuring circuit 32 according to the formula: 

K 

Q - -f (2) 

o 

wherein I Q represents the amount of current imparted by the source 38. The amount of 
current can either be controlled by appropriate design of the source 38, or the amount 
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can be measured, as is understood by those skilled in the art As is understood by those 
skilled in the art, it is necessary to perform the characteristic impedance measurement 
along the casing 4 only infrequently, approximately every 10 meters, depending on the 

resistivity of the formation 6. 

It is then necessary to determine the resistance of the particular section of the 
casing 4 which is located between the pairs of electrodes 18, 20 and 20, 22. 
Determining the casing 4 resistance can be better understood by referring to Figure 3. 
The sonde 14 as shown in Figure 3 is electrically configured so that the current from 
the source 38 is now returned to a current return electrode 24 on the sonde 14, rather 
than to the surface electrode (as shown at 34 in Figure 2). In the electrical 
configuration of Figure 3, substantially all of the electrical current flows along the 
casing 4 between the emitter electrode 16 and the current return electrode 24 on the 
sonde 14. The current flow, when the sonde 14 is in the electrical configuration of 
Figure 3, is referred to by /„. The amount of the current which leaks from the casing 
15 4 in the electrical configuration of Figure 3 is negligible. 

The first voltage measuring circuit 26 measures a voltage drop, represented by 
V, ', between electrodes 18 and 20 which is related to the casing 4 resistance between 
electrodes 18 and 20. Similarly, the second voltage measuring circuit 28 measures a 
voltage drop, V 2 \ between electrodes 20 and 22. The resistances of the casing 4 
between the respective electrodes (18 and 20, and 20 and 22) can be determined by the 
expression: 



20 



25 



The use of the casing resistance measurements thus determined will be further 
explained. Additionally, a second difference between voltage measurements made by 
the first 26 and second 28 measuring circuits, the second difference referred to as AV, 
can be made by the third voltage measuring circuit 30. The purpose of the second 
difference will be further explained. 

The current source 38 can then be reconnected to return the current at the 



surface electrode 34. This electrical configuration can be observed by referring to 
Figure 4. The current flow from the source 38 in the electrical configuration of Figure 
4 is referred to as I m . Voltage drop is again measured by the first measuring circuit 26 
between electrodes 18 and 20, this voltage drop referred to as V } . Voltage drop is also 
again measured by the second measuring circuit 28 between electrodes 20 and 22, this 
voltage drop being referred to as V 2 . Another second difference, referred to as A V 9 is 
also measured by the third measuring circuit 30. The average current flowing along the 
casing 4 between electrodes 18 and 20 is related to Vj/R }9 and the average current 
flowing along the casing 4 between electrodes 20 and 22 is related to V^R 2 * The 
average current flowing between electrodes 1 8 and 20 will be slightly different from the 
average current flowing between electrodes 20 and 22 because some of the current leaks 
out of the casing 4 into the formation 6. The amount of leakage current, A/, can be 
determined according to the expression: 




The voltage present on the casing 4, with respect to infinity, can be determined as 
Q*I m . By substitution of equations (3) and (4) into equation (1), the apparent 
resistivity of the formation 6 can be determined by the expression: 



v 2 



(5) 



1 K 2j 

where K is a constant of proportionality, called a "tool factor", which is related by the 
expression: 

K = k*Lz (6) 
Az is equal to one-half the spacing between electrodes 18 and 22, and is referred to by 
the term "tool spacing". 

The difference of the current flow between electrodes 1 8 and 20 and the current 
flow between electrodes 20 and 22 is very small, as previously explained. It is 
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preferable, therefore, to use the two previously described "second difference" 
measurements made by the third measuring circuit 30, as shown in the electrical 
configurations in Figures 3 and 4. Substitution of the second difference measurements 
into equation 5 results in the following expressions for apparent resistivity of the 
formation 6: 



p = K • Q • A 



AV LV' 



v x v' , 

where A in equation (7) is equal to: 



(7) 



(8) 



The three electrical configurations shown in Figures 2, 3, and 4 provide the 
measurements required to determine resistivity of the formation 6 measured from inside 
the conductive casing 4. 



A particular limitation to the configuration of the electrodes on the sonde 14 of 
the prior art shown in Figures 2, 3, and 4, can be better understood by again referring 
to Figure 2. In Figure 2 the source 38 is shown connected between the emitter 
electrode 16 and the surface electrode 34. The electrical configuration in Figure 2 is 

15 used to energize the casing 4 and the formation 6 for deter minin g the characteristic 
impedance (Q). The current path of the source 38 in the electrical configuration shown 
in Figure 2 requires using an insulated electrical conductor in the cable 3. Using the 
armor wires on the cable 3 for conducting the electrical current would result in current 
leakage into the wellbore 2. As is also shown in Figure 2, the fourth voltage measuring 

2 0 circuit 32 is connected between the potential electrode 21 on the sonde 14 and the 
surface potential electrode 36. The electrical connection of the fourth voltage measuring 
circuit 32 requires using another, separate, insulated electrical conductor in the cable 3. 
Measuring formation resistivity using the apparatus known in the prior art therefore 
requires using an electrical cable 3 having at least two insulated electrical conductors. 

2 5 In certain wellbores, particularly those wellbores having substantial fluid pressure 
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present within the casing, special equipment (not shown) is typically attached to the top 
of the casing to contain the fluid pressure while logging instruments are inserted into 
the wellbore. The equipment (not shown) used to contain fluid pressure is familiar to 
those skilled in the art. Using the equipment to contain the fluid pressure typically 
5 requires using an electrical cable having a small external diameter. Armored electrical 
cables known in the art having small diameter, which are suitable for use with the 
equipment for containing the fluid pressure, typically have only one insulated conductor. 
It is therefore not possible to use the system known in the prior art for measuring 
resistivity through casing using an electrical cable having only one insulated electrical 
10 conductor. 

Referring now to Figure 5, a sonde 14A embodying one aspect of the present 
invention is shown which includes an emitter electrode 16A, measuring electrodes 18 A, 
20A and 22A, all similar in function to the equivalent electrodes on the sonde (14 in 
Figure 2) of the prior art Similarly, the sonde 14A can include first 26A, second 28A, 
15 and third 30 A voltage measuring circuits and a telemetry unit (not shown) for 
transmitting the measurements made by the voltage measuring circuits to the earth's 
surface. The third measuring circuit 30A can be selectively connected directly between 
electrodes 18A and 22A through switching circuits 30B and 30C. Alternatively the 
third measuring circuit 3 OA can be selectively connected to measure the second 
20 difference between the first 26 A and the second 28A voltage measuring circuits, 
similarly to the third measuring circuit (30 in Figure 2) of the tool of the prior art (as 
shown in Figure 2). The reason for selectively connecting the third measuring circuit 
3 OA between electrodes 18A and 22 A will be further explained. 

The electrical configuration of the sonde 14A as shown in Figure 5 is adapted 
25 to make the measurements of the casing 4 resistance between electrodes 1 8 A and 20 A, 
and 20A and 22A. The source 38 is shown connected through a first switch 42, which 
can be a telemetrically controlled switch (of a type known in the art and remotely 
controlled by the system operator) disposed inside the sonde 14 A. The first switch 42 
is shown in Figure 5 as selected to make connection of the source 38 between the 
3 0 emitter electrode 16A and a current return electrode 24 A. The casing 4 resistance 
measurements made in the electrical configuration of Figure 5 are equivalent to the 
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measurements made by the sonde (14 in Figure 3) of the prior art as shown in Figure 
3. The switches 30B and 30C are selected to connect the third voltage measuring 
circuit 30A to measure the second difference of voltages between the first voltage 
measuring circuit 26A and the second voltage measuring circuit 28A. The second 
5 difference of voltages is measured. Casing resistances can be determined according to 
the relationship in equation (3). 

Referring now to Figure 6, the sonde 14A and the current source 38 are shown 
electrically configured to make the voltage difference and second difference 
measurements across electrodes 18A and 20A, and 20A and 22A, respectively. These 

10 measurements correspond to the measurements made using the sonde (14 in Figure 4) 
of the prior art as shown in Figure 4. 

One novel aspect of an embodiment of the present invention is an arrangement 
of electrodes to make measurements for determining the characteristic impedance Q 
which eliminates the need to use a cable 3 having more than one insulated electrical 

15 conductor. The electrical configuration of the sonde 14A shown in Figure 7 is used to 
make the measurements for determining the characteristic impedance (0. An 
additional current emitter electrode, shown at 21A, is included on the sonde 14A and 
can be selectively placed in electrical contact with the casing 4. The additional emitter 
electrode 21 A is axially positioned on the sonde 14A so that a current path can be 

2 0 established having both source point and return point external to the axial positions of 

the measuring electrodes 18 A, 20 A and 22 A. In Figure 7, the first switch 42 is shown 
connecting one terminal of the source 38 to the additional emitter electrode 21 A instead 
of to the emitter electrode 16A. A second switch 40 located at the earth's surface (and 
also controllable by the system operator) can selectively connect the other terminal of 
25 the source 38 to the current return electrode 24 A. A current measuring circuit 23 can 
be interconnected in the current path between the source 38, and either the additional 
emitter 21 A or the emitter 16 A. The current measuring circuit 23 measures the total 
current output of the source 38, the use of which measurement will be further explained. 
The output of the current measuring circuit 23 can also be connected to the telemetry 

3 0 unit (not shown) for transmission of its measurements to the earth's surface for 

recording and observation as is understood by those skilled in the art. 
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The current source 38 in Figure 7 is shown as being disposed at the earth's 
surface, as is the source shown in Figures 2, 3, and 4 (the prior art tool). The source 
38, both in the prior art and in embodiments of the present invention, is used to 
energize the casing 4 for measuring voltages across the electrodes (18 A, 20 A and 22A 
5 in Figure 7). In embodiments of the present invention, however, the source 38 can be 
located inside the sonde 14A because the current path during measurement of the 
characteristic impedance both originates and terminates at electrodes (21 A and 24A) 
disposed on the sonde 14A. Having both terminals of the source 38 connected to 
electrodes on the sonde 14A during characteristic impedance measurements eliminates 

10 the need to use a second insulated electrical conductor in the cable 3 when making the 
measurement of the characteristic impedance (0. Locating the source 38 inside the 
sonde 14A has the further advantage of providing a less resistive path for the electrical 
current when measuring the characteristic impedance, because the electrical conductor 
in the cable 3 is thus eliminated from the overall current path, thereby increasing the 

15 possible current flow, at any particular voltage, for making the characteristic impedance 
measurement The insulated conductor in the electrical cable 3 typically has a resistance 
of several ohms per 1 00 feet in length, and for a typical length of cable would introduce 
a resistance of several hundred ohms in the circuit, greatly reducing the possible current 
at any particular voltage. 

20 An alternative embodiment of the present invention in which the source of 

electrical current is disposed inside the sonde can be observed by referring to Figure 
8 A. The source is shown at 3 8 A. Electrical connection of the terminals of the source 
38A (shown as X and Y) can be selectively made to the appropriate electrodes 34, 16A, 
21 A, 24A through telemetrically controlled switches, shown at 50, 51, 52, 53. The 

25 telemetrically controlled switches can be of a type known in the art which can be 
remotely controlled by the system operator. Figure 8B shows a table indicating the 
operative position of each one of the switches (50, 51, 52, 53) for each one of the three 
different measurements, as previously described, needed in order to determine formation 
resistivity, namely characteristic impedance, casing resistance and current leakage. A 

30 particular advantage of the arrangement shown in Figure 8A is that only one insulated 
electrical conductor 3 A is needed to conduct electrical current between the sonde 14A 
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and the earth's surface. The system shown in Figure 8A can therefore be used with 
armored electrical cable (3 in Figure 2) having only one insulated electrical conductor. 

It is to be understood that the configuration of the current source 38A and the 
switches 50, 51, 52, 53 shown in Figure 8A is provided only as an example. The 
5 configuration in Figure 8A is not to be construed as a limitation on the invention. For 
example, a configuration including an additional current source located at the earth's 
surface (such as 38 in Figure 7, for example) in combination with the current source in 
the sonde (3 8 A in Figure 8) could also be used. 

One improvement of embodiments of the present invention over the prior art is 

10 the inclusion of the additional emitter electrode 21 A to act as the source point for the 
electrical current during measurement of the characteristic impedance. The additional 
emitter 21 A eliminates the need to measure voltage on the casing 4 with respect to the 
earth's surface while simultaneously energizing the casing 4 from a source disposed at 
the earth's surface. Therefore the sonde 14A, having the additional emitter 21 A, can 

15 be used with an electrical cable having only one insulated electrical conductor. The 
electrical equivalence of the arrangement of the present invention to that of the tool of 
the prior art will be further explained. 

Referring once again to Figure 7, the third voltage measuring circuit 30A is 
shown selectively connected, by means of telemetrically operable switches 30B and 

2 0 30C, to measure the voltage drop directly across electrodes 18A and 22 A, instead of 
measuring the second difference of the first 26A and second 28 A measuring circuits. 
The reason for reconfiguring the measurement made by me third measuring circuit 30A 
during measurement of the characteristic impedance is that the voitage drop across the 
electrodes is substantially proportional to the spacing between the electrodes and the 

2 5 amount of current flowing along the casing. By selecting electrodes 1 8A and 22A, the 

amount of voltage drop measured will be increased. 

In order to explain the electrical equivalence of the characteristic impedance 
measurements made by the sonde in Figure 2 and the sonde in Figure 7, the following 
description of the theory of the measurement is provided. In a system having 

3 o substantially homogeneous casing 4 and substantially homogeneous earth formations 6, 

the distribution of electrical voltage and current, with respect to distance, z, from the 
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cuirent injection point, (which in the present invention can be the additional emitter 
electrode shown at 21 A in Figure 7) can be determined by the expressions: 

V{z) = * c A L -£exp(--£i) (9) 

2 X L 



J(z) = ^exp(--£W(z) (10) 
JJ& - ^J- exp(--^) (11) 

5 " 

The term X L in equations (9), (10) and (11) is referred to as the characteristic length. 
The characteristic length is specified by the resistivity of the earth formation 6 and the 
resistance per unit length of the casing 4. The characteristic length itself can be 
determined by the expression: 




(12) 



1 0 The characteristic length, depending on casing 4 resistance and formation resistivity, can 
be within a range of about 100 to several thousand meters. 

Referring once again to Figure 7, the sonde I4A is electrically configured so 
that the source 38 is connected between the additional emitter 21 A and the current 
return 24 A electrodes. When the source 38 is energized, current flows along the casing 

15 4, both between the additional emitter 21 A and current return 24A, and also, to some 
extent, up and down the casing 4 external to the two electrodes (21 A, 24A). The 
amount of current flowing up and down the casing 4 externally to the additional emitter 
21 A and the current return 24A is related to the resistance of the casing 4 and the 
characteristic length. The third voltage measuring circuit 3 OA, as previously explained, 
2 0 can be selectively connected to measure voltage drop across electrodes 18A and 22 A. 
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This voltage drop, V Q is related to the current flow along the casing I z according to the 
relationship: 

V 

R o 

where R 0 is the casing 4 resistance between electrodes 18A and 22A. The resistance 
between electrodes 1 8 A and 22 A can be determined by adding the resistances previously 
5 determined in the step of measuring casing resistance shown by the electrical 
configuration of the sonde 14A in Figure 5. The casing 4 resistance can be determined 
by the expression: 

From equation (10) however, the current flow along the casing 4 can be related to the 
magnitude of the injected current I Q flowing between the additional emitter 21 A and the 
10 current return 24A by the expression: 

Az 

'- = r -2r L (15> 

where Az 0 is the distance between the additional emitter 21 A and the current return 
24 A. The characteristic length can be estimated by the expression in equation (16): 

X. = (16) 
2/, 

Having determined the characteristic length, the characteristic impedance can be 
15 determined by the expression: 

Q = ^ (17) 
2 

where the resistance per unit length of the casing 4 can be calculated from the 
previously determined casing resistance measurements. The relationship according to 
equation (17) for determining characteristic impedance is alone sufficient to determine 
the characteristic impedance Q when the measurement of Q is made within a casing 4 
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which is longer than the characteristic length X z , and the measurement is made more 
than a distance of approximately 0. 1 \ L from the bottom of the casing. It is possible 
to model the current distribution when the measurement is made closer to the bottom 
of the casing to more precisely determine Q. 

It is to be understood from the foregoing description of the principle of operation 
of the present invention that use of selective switches such as 3 OB and 30C in Figure 
7 to connect the third voltage measuring circuit 30A across electrodes 1 8A and 22 A is 
a matter of convenience to the system designer. Including additional, axially spaced- 
apart electrodes (not shown) connected to additional voltage measuring circuits (not 
shown) could perform the same function as selective connection of the third measuring 
circuit 30A across electrodes 18A and 22 A. It is also contemplated that the first 26 A 
and second 28A voltage measuring circuits could be interconnected to the third 
measuring circuit 30A so that the third measuring circuit 30A measures the sum of the 
voltages across electrodes 18A and 22 A. 

It is also to be understood that the selected axial positions of the additional 
emitter 21 A and current return 24A electrodes are a matter of convenience for the 
system designer. The only constraints on the axial positions of the electrodes are first 
that the voltage drop along the casing must be measured externally to the direct path 
between the additional emitter electrode 21 A and the current return 24 A in order to 
measure characteristic impedance (Q)> and second that the casing resistance between 
the electrodes used to measure voltage drop must also be determined in order that the 
voltage drop measurement can be converted into a current measurement. It is also 
desirable, therefore, to provide a measurement of voltage drop at electrodes (such as 
1 8A, 20A and 22A) in between the current source and return, such as in the electrical 
configuration shown in Figure 5. Increasing the axial spacing between the additional 
emitter 21 A and the current return 24A will increase the amount of current flow I z 
along the casing 4, and therefore, the voltage V 0 measured across electrodes 18A and 
22A during measurement of Q, which can improve the accuracy which with Q is 
determined. 
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The voltage measuring circuits (such as 26A, 28A, 30A, 23 in Figure 7) may 
comprise analog-to-digital converters (ADC's - not shown separately in Figure 7). Each 
ADC converts the voltages detected across the respectively connected electrodes into a 
series of numbers representing the magnitude of the voltage sampled at spaced apart 
time intervals. As is understood by those skilled in the art, the spaced apart time 
intervals can be controlled by selectively applying control (clock) pulses to a clock input 
on each ADC. 

It is desirable to synchronize each alternating current cycle of the current source 
(38 in Figure 7) to the spaced apart time intervals at which the ADC generates samples. 
Synchronization of the spaced apart time intervals comprises generating digital samples 
at substantially the same relative time position along each successive cycle of the 
current, and preferably includes generating a digital sample at the exact beginning of 
each cycle and having an integer number of samples generated during each cycle. 
Synchronization is desirable because the voltages at the electrodes typically include 
large components which are out-of-phase with the current source (38 in Figure 7). The 
out-of-phase components are preferably rejected during signal processing to extract in- 
phase components of the detected voltages more efficiently. Synchronizing the ADC 
to the current source 38 improves the efficiency of rejecting out-of-phase components 
of the measurements, as is understood by those skilled in the art. Another advantage 
of synchronizing the current source 38 to the digital sampling of the ADC is that digital 
signal processing of the series of numbers generated by the ADC, which may include 
filtering, stacking and mixing, is improved in efficiency. 

A system for synchronizing the current source 38 to the operation of the ADC 
can be observed by referring to Figure 9. One of the voltage measuring circuits (such 
as 30A in Figure 7) is shown in more detail as a block diagram in Figure 9. The 
voltage measuring circuit 3 OA can comprise an analog pre- amplifier 66. The input of 
the pre-amplifier 66 is connected to the electrodes across which voltage is to be 
measured (such as 18A and 22A in Figure 7, for example). The pre-amplifier 66 output 
is conducted to an analog-to-digital converter (ADC) 64. In the present embodiment 
the ADC 64 can include a delta-sigma modulator such as one made by Crystal Products 
Company and sold under model designation CSC5323. The output of the ADC 64 is 
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conducted to a digital filter, which in the present embodiment can be a finite impulse 
response (FIR) filter 62. The FIR filter 62 can be a unit made by Crystal Products 
Company sold under model designation CS5322. The output of the FIR filter 62 
comprises multiple-bit digital words representing the magnitude of the voltage across 
the electrodes 18 A, 20A sampled at spaced apart time intervals. 

The spaced apart time intervals correspond to an integer number of cycles of a 
master clock 60, which drives both the ADC 64 and the FIR filter. The master clock 

60 preferably operates at a frequency of 16.384 megahertz (MHz). The master clock 
drives a first frequency synthesizer 61 the output of which is connected to a clock input 
on the FIR filter 62 and a clock input on the ADC 64. The first frequency synthesizer 

61 operates the ADC 64 and the FIR filter 62 to generate digital samples at a rate which 
is an integer multiple of the operating frequency of the current source (38 in Figure 7), 
as will be further explained. The master clock 60 also drives a first telemetry 
transceiver 68 which serially formats the digital words output from the FIR filter 62 and 
transmits the serially formatted words over a cable conductor 3 A to a second transceiver 
72 typically located at the earth's surface. The first transceiver 68 is electrically 
coupled to the cable conductor 3 A through a first high pass filter 71 which substantially 
excludes current from the source 38 from entering the first transceiver 68. 

The second transceiver 72 is electrically coupled to the cable conductor 3A 
through a second high-pass filter 70, which blocks entry into the second transceiver 72 
of current from the source 38. The second transceiver 72 decodes the telemetry signal 
transmitted from the first transceiver 68, and reformats serially transmitted data 
comprising the measurements made by the voltage measuring circuit 30A for display, 
recording and observation, as is understood by those skilled in the art. The second 
transceiver 72 also extracts a clock signal from the signal transmitted by the first 
transceiver 68. The clock signal is generated at a rate which corresponds to the 
telemetry frequency of the first transceiver 68. Because the first transceiver 68 is 
operated by the master clock 60, any frequency change in the master clock 60, and 
correspondingly, the operating rate of the ADC 64 and the FIR filter 62, will cause 
corresponding change in the rate of the clock signal extracted by the second transceiver 
72. As is understood by those skilled in the art, frequency change in the master clock 



60 may result from changes in ambient temperature. 

The clock signal extracted by the second transceiver 72 can be conducted to a 
second frequency synthesizer 73. The second synthesizer 73 converts the clock signal 
into a lower frequency control signal which operates a read-only-memory (ROM) 74. 
The ROM 74 includes numbers which represent the magnitude of the electrical current, 
sampled at spaced apart time intervals, which is to be generated by the source 38. Since 
the clock signal is temporally "locked" to the operating rate of the master clock 60, the 
rate at which numbers are output from the ROM 74, and consequently the rate at which 
the source 38 runs through each alternating current cycle, will be synchronized with the 
operation of the ADC 64 and the FIR filter 62. Preferably, the FIR filter 62 generates 
an integer number of words during each cycle of the source 38, and the initiation of one 
cycle of the source 38 (at a so-called "zero-crossing") is substantially time coincident 
with the time of generation of one of the words output from the FIR filter 62 in order 
to facilitate digital signal processing of the digital words output from the FIR filter 62. 

The output of the ROM 74 is conducted to a digital-to-analog converter (DAC) 
76, which converts the numbers from the ROM 74 into a corresponding analog voltage 
magnitude, thereby generating the electrical current substantially synchronously with 
operation of the ADC 64 and the FIR filter 62. The output of the DAC 76 is conducted 
through a low-pass filter 78 to a power amplifier 80. The low pass filter 78 reduces the 
possibility of residual out of band current from the power amplifier 80 from interfering 
with the telemetry signal. The output of the power amplifier 80 is connected to the 
cable conductor 3 A. 

An important feature of the current source 38 of the present embodiment is that 
the frequency output of the source 38 can be changed by the system operator controlling 
the frequency synthesizers 61, 73. the significance of the frequency selection will be 
further explained. As is understood by those skilled in the art, the frequency 
synthesizers 61, 73 can generate predetermined frequencies derived from the master 
clock 60 frequency by the system operator entering appropriate numerical coefficients 
into the synthesizers 61, 73. As a practical matter the coefficients should form part of 
the programming of a computer (not shown) to facilitate entry of the coefficients as 
needed by the system operator. 
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The operation of the first frequency synthesizer 61 can be controlled by the 
system operator entering appropriate commands into telemetry signals generated by the 
second transceiver 72. The commands can be decoded by the first transceiver 68 and 
conducted to the first synthesizer 61. 

The shape of the alternating current waveform of the electrical current generated 
by the source 38 can be changed by substitution of different numbers in the ROM 74. 
In the present embodiment of the invention, the ROM can be programmed with numbers 
which cause generation of a sine wave, and the second synthesizer 73 can operate the 
ROM to cause generation of current within a frequency range of 0.1 to 15 Hz. The 
frequency is selectable by the system operator to minimize interference with the 
telemetry, to improve the capability of the voltage measuring circuits (such as 3 OA in 
Figure 7) to measure very small voltages, particularly if there is any DC interference 
from natural voltage sources along the casing, as is understood by those skilled in the 
art. The frequency can also be selected to improve the depth of investigation of the 
formation resistivity measurement made by the invention. Depth of investigation is 
maintained by using low-frequency current such as the 0.1 to 15 Hz in the present 
embodiment because lower frequencies reduce inductive power loss in the conductive 
casing 4. 

Voltage measurement data extracted from the telemetry signal and output from 
the second transceiver 72 can be recorded and processed by other equipment (not 
shown) located at the earth's surface. 

In the particular embodiment described herein, the source 38 can be disposed at 
the earth's surface. It is to be understood that it can also be desirable to synchronize 
to the master clock 60 a current source which is disposed within the sonde (such as the 
source shown at 38 A in Figure 8A). Synchronization of the source (3 8 A in Figure 8 A) 
disposed in the sonde 14A can be accomplished by conducting the output of the master 
clock (60 in Figure 9) through additional frequency synthesizers (not shown) directly 
to a ROM (similar to the one shown at 74 in Figure 9) and a DAC (similar to the one 
shown at 76 in Figure 9). 

Another embodiment of the present invention can be observed by referring to 
Figure 10A. A sonde 14B includes current injection electrodes, shown at 16B, 2 IB and 
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24B and measuring electrodes, shown at 18B and 22B and adapted to electrically 
contact the casing 4. The sonde 14B also includes a current source 38B which can be 
similar to the current source 38A in the first embodiment of the invention- The sonde 
also can include a current measuring circuit 23B, a voltage measuring circuit 30E and 
5 a telemetrically controlled switch 42B, each of which can be similar in form and 
function to the corresponding components in the first embodiment of the invention. 
Measurements made by the current measuring circuit 23B and the voltage measuring 
circuit 30E can be transmitted telemetrically over the cable 3 for observation and 
recording as in the first embodiment of the invention. 

10 The electrical configuration shown in Figure 10A is adapted to measure the 

resistance of the casing 4 between measuring electrodes 1 8B and 22B. The switch 42B 
is selected so that the source 38B is connected between injection electrodes 16B and 
24B, which include the measuring electrodes 18B, 22B between them. The current 
magnitude, determined by measuring circuit 23B and referred to by the value /„, is 

15 related to the casing resistance from the amount of voltage drop measured by the 
voltage measuring circuit 30E according to the expression: 

V' 

n 



The measurement of casing resistance can be used with a measurement of voltage made 
when the sonde 14B is electrically configured as shown in Figure 10B. In Figure 10B, 

20 the switch 42B is selected to connect the current source 38B between injection 
electrodes 16B and 24B. Voltage is measured between electrodes 18B and 22B. In the 
electrical configuration of Figure 10B, the current is injected and returned at electrodes 
axially spaced to exclude measurement of voltage between them. The formation 
resistivity can be determined according the expression: 

P a = kR e V < 19 > 

25 where \ L can be determined from the expression in equation (16). 

Particular advantages of detennining the formation resistivity using the electrical 
configurations in Figures 10A and 10B are that no surface electrodes are needed, which 
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eliminates having to conduct very small voltages along the electrical cable 3 and that 
the sensitivity of the measurement to the determination of casing resistance is reduced. 
The measurement provided by the electrical configurations in Figures 10A and 10B also 
provide reduced radial depth of investigation. It is contemplated that a sonde 
configured according to Figure 10A and Figure 10B could be combined with an 
electrical configuration of electrodes and a source according to Figure 8A in order to 
provide multiple depths of investigation. 

Those skilled in the art will be able to readily devise other embodiments of the 
invention disclosed herein without departing from the spirit of the invention. 
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CLAIMS 

1. An apparatus for measuring resistivity of an earth formation penetrated 
by a wellbore, said wellbore having a conductive casing inserted therein, said apparatus 
comprising: 

an elongate sonde adapted to traverse the interior of said casing; 

a plurality of electrodes disposed on said sonde at axially spaced apart 
locations, said electrodes adapted to be placed in electrical contact with said casing; 

voltage measuring circuits, each of said circuits connected between a pair 
of said electrodes, each one of said pairs corresponding to different axial intervals along 
said sonde; 

a voltage difference measuring circuit interconnected to two of said 
voltage measuring circuits, said voltage difference measuring circuit adapted to measure 
a difference between the voltages measured by said two voltage measuring circuits; 

a source of electrical current selectively connectable between a first one 
and a second one of said electrodes, said first and second electrodes unconnected to said 
voltage measuring circuits and axially positioned to include said pairs of electrodes 
therebetween for measuring a resistance of said casing between said pairs of electrodes, 
said source also being selectively connectable between another two of said electrodes, 
said other two of said electrodes unconnected to said voltage measuring circuits and 
axially positioned to exclude said pairs of electrodes therebetween for measuring a 
characteristic impedance of said casing and said earth formation, said source also being 
selectively connectable between said first electrode and a surface return electrode 
disposed at the earth's surface for measuring current leakage into said formation; 

a current measuring circuit for measuring current output of said source 
to enable determination of resistances related to voltages measured by said voltage 
measuring circuits; and 

means for recording measurements made by said voltage measuring 
circuits, said voltage difference measuring circuit and said current measuring circuit. 

2. An apparatus as claimed in claim 1, wherein said source of electrical 
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current is disposed within said sonde and wherein said apparatus further comprises 
selectively operable switches for selectively interconnecting said source between said 
first and said second electrodes, between said another two of said electrodes and 
between said first electrode and said surface return electrode. 

5 

3. An apparatus as claimed in claim 1, wherein said source of electrical 
current comprises: 

a first power supply disposed at the earth's surface and connected to said 
sonde to conduct electrical current between said first electrode and said surface return 
10 electrode; and 

a second power supply disposed within said sonde, said second power 
supply selectively connectable between said first and said second electrodes, said second 
power supply selectively connectable between said another two of said electrodes. 

15 4. An apparatus as claimed in claim 1, 2 or 3, wherein each of said voltage 

measuring circuits comprises an analog-to-digital converter. 

5. An apparatus as claimed in claim 4, further comprising a first frequency 
synthesizer coupled to a master clock, said first synthesizer generating timin g pulses 

2 0 coupled to said analog-to-digital converters so that digital samples are generated by said 

analog-to-digital converters at a rate corresponding to an integer number of cycles of 
said master clock. 

6. An apparatus as claimed in claim 5, wherein said source of electrical 
25 current comprises a read only memory, a digital-to-analog converter coupled to said 

memory and a second frequency synthesizer operatively coupled to said master clock 
and to said memory, said second synthesizer adapted to operate said memory for 
generating digital values of magnitude of output of said source, said synthesizer coupled 
to said master clock for operating said memory so as to generate cycles of said electrical 

3 0 current commencing substantially synchronously with generation of digital samples by 

said analog-to-digital converters. 
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7. An apparatus as claimed in claim 6, wherein said source of electrical 
current comprises output frequencies having integer numbers of samples generated by 
said analog-to-digital converters within a single cycle of said electrical current 

5 8. An apparatus as claimed in claim 7, wherein said master clock operates 

a first telemetry transceiver disposed in said sonde and a second telemetry transceiver 
disposed at the earth's surface, said second telemetry receiver adapted to extract a clock 
signal from a telemetry frequency of said first telemetry transceiver, and wherein said 
source of electrical current is disposed at the earth's surface and is timed by said clock 
10 signal extracted by said second telemetry transceiver. 

9. A method of determining resistivity of an earth formation penetrated by 
a wellbore, said wellbore having a conductive tubular casing inserted therein, said 
method comprising the steps of: 
15 inserting a sonde into said wellbore, said sonde having a plurality of 

electrodes at axially spaced apart locations, said electrodes adapted to electrically contact 
said casing; 

applying electrical current between a first one and a second one of said 
electrodes and measuring a magnitude of said current; 
2 o measuring a first voltage between a first pair of said electrodes axially 

positioned between said first one and said second one of said electrodes, said first 
voltage corresponding to a resistance of said casing between said first pair of electrodes; 

measuring a second voltage between a second pair of said electrodes 
axially positioned between said first one and said second one of said electrodes and 
25 axially positioned externally to said first pair of electrodes, said second voltage 
corresponding to said resistance of said casing between said second pair of electrodes; 

measuring a difference between said first and said second voltages; 
applying electrical current and measuring the amount thereof between 
other ones of said electrodes, said other ones of said electrodes axially positioned to 
30 exclude a third pair of electrodes therebetween; 

measuring a third voltage between said third pair of said electrodes, said 
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third voltage corresponding to a current flow magnitude related to said resistance of 
said casing and a characteristic impedance of said casing and said earth formation; 

applying electrical current between said first one of said electrodes and 
a surface return electrode disposed at the earth's surface; 

measuring a fourth voltage between said first pair; 
measuring a fifth voltage between said second pair, said fourth and said 
fifth voltages corresponding to amounts of current flowing along said casing axially 
between said first and said second pair, respectively; 

measuring an additional second difference of voltages between said fourth 
voltage and said fifth voltage; and 

determining said resistivity of said earth formation by combining said 
measurements of said first voltage, said second voltage, said third voltage, said fourth 
voltage, said fifth voltage, said current magnitude, said second difference and said 
additional second difference of said voltages. 

10. A method as claimed in claim 9, wherein said electrical current is 
generated by: 

a first power supply disposed at the earth's surface and connected to said 
sonde to conduct electrical current between said first one of said electrodes and said 
surface return electrode disposed at the earth's surface; and 

a second power supply disposed in said sonde, said second power supply 
selectively interconnected to ones of said electrodes axially spaced apart to include said 
first and said second pairs of electrodes therebetween, said second power supply 
selectively interconnected to other ones of said electrodes axially spaced apart to 
exclude said third pair of electrodes therebetween. 

1.1 . A method as claimed in claim 9 wherein said first pair and said second 
pair of electrodes are contiguous and share a common electrode therebetween. 

12. A method of determining resistivity of an earth formation penetrated by 
a wellbore, said wellbore having a conductive casing inserted therein, said method 
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comprising the steps of: 

inserting a sonde having a plurality of electrodes disposed thereon into 
said wellbore, said electrodes adapted to electrically contact said casing, said electrodes 
disposed at axially spaced apart locations along said sonde; 

injecting electrical current and measuring a magnitude thereof between 
a first one and a second one of said electrodes, said first one and said second one 
axially spaced to include therebetween a pair of said electrodes connected to a voltage 
measuring circuit; 

measuring a first voltage between said pair of electrodes; 

injecting said electrical current and measuring said magnitude thereof 
between said first electrode and a third electrode, said first and said third electrode 
axially spaced to exclude said pair of electrodes therebetween; 

measuring a second voltage between said pair of electrodes; and 

determining said resistivity of said earth formation by combining said 
first voltage, said second voltage and said magnitudes of electrical current. 

13. An apparatus for use in determining resistivity of an earth formation 
penetrated by a wellbore, said wellbore having a conductive casing inserted therein, the 
apparatus comprising: 

a sonde, for insertion into such a wellbore, and having a plurality of 
electrodes disposed thereon, which electrodes are adapted to electrically contact a 
conductive casing inserted into a wellbore when the apparatus is in use and are disposed 
at axially spaced apart locations along said sonde; 

first current measurement means operable to inject a first electrical 
current, and to measure the magnitude thereof, between first and second ones of the said 
electrodes, the first and second electrodes being axially spaced along the sonde so as to 
include therebetween a pair of electrodes; 

first voltage measurement means connected to the said pair of electrodes 
and operable to measure a first voltage between that pair, during injection of such a first 
electrical current when the apparatus is in use; 

second current measurement means operable to inject a second electrical 
current, and to measure the magnitude thereof, between the said first one and a third 



one of the said electrodes, the said first and third electrodes being spaced along the 
sonde so as not to include therebetween the said pair of electrodes; 

second voltage measurement means connected to the said pair of 
electrodes and operable to measure a second voltage between that pair, during injection 
of such a second current when the apparatus is in use; and 

means for determining the resistivity of an earth formation, operable to 
combine the said first and second voltages and the measured magnitudes of the first and 
second currents. 

14. An apparatus for measuring resistivity of an earth formation penetrated 
by a wellbore which has a conductive casing inserted therein, the said apparatus 
comprising: 

an elongate sonde which is adapted to transverse the interior of a 
conductive casing inserted into a wellbore when the apparatus is in use, and which has 
arranged thereon a plurality of electrodes, spaced axially along the sonde, which 
electrodes are held in electrical contact with that casing; 

an electrical current source which is selectively connectable to first and 
second electrodes, or to third and fourth electrodes, or to the said first electrode and a 
surface electrode, and is operable to supply electrical current to the electrodes to which 
the source is connected; 

a first voltage measuring device connected between a first pair of 
electrodes, and operable to measure a first voltage therebetween, the first pair of 
electrodes being arranged on the sonde between the said first and second electrodes; 

a second voltage measuring device connected between a second pair of 
electrodes, and operable to measure a second voltage therebetween, the second pair of 
electrodes being arranged on the sonde between the said first and second electrodes; 

a current measurement device operable to measure the output current of 
the said electrical current source; 

a voltage difference measuring device connected between the first and 
second voltage measuring devices and operable to measure the difference in voltage 
measured thereby; and 

recording means operable to store measurements made by the first and 



second voltage measuring devices, by the current measurement device and by the 
voltage difference measuring device, so that, when the said current source is connected 
between the first and second electrodes, resistance between the electrodes of the first 
and second pairs can be measured, and so that, when the said current source is 
connected between the third and fourth electrodes, a characteristic impedance of such 
a casing and an earth formation can be measured, and so that, when the said current 
source is connected between the said first and surface electrodes, current leakage into 
the earth formation can be calculated. 

15. An apparatus for determining resistivity of an earth formation penetrated 
by a wellbore substantially as hereinbefore described with reference to Figs. 5 to 10 of 
the accompanying drawings. 

16. A method of determining resistivity of an earth formation penetrated by 
a wellbore substantially as hereinbefore described with reference to Figs. 5 to 10 of the 
accompanying drawings. 
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